Thermal properties of cement composite with Mixed Fly Ash (MFA) from different parts of Municipal Solid Waste Incineration (MSWI) process as a partial replacement of Portland cement are researched in the paper. MFA is applied in the amount of 10 %, 20 % and 30 % of the mass of cement, while sand and water quantities are kept constant. For the sake of comparison, a reference mixture with Portland cement as the only binder is studied as well. For the characterization of studied materials, their basic physical properties as bulk density, matrix density and total open porosity are measured using gravimetric method combined with helium pycnometry. Among the thermal properties, thermal conductivity, thermal diffusivity and specific heat capacity are accessed by two transient methods having different experimental arrangement and time of measurement. The measured data obtained by the particular methods are compared and the applicability of the methods for the measurement of thermal properties of solid building materials is discussed.
INTRODUCTION
* The knowledge in thermophysical properties of porous building materials as thermal conductivity, thermal diffusivity and specific heat capacity represents important information for their effective design and optimal usage in practice. The data on thermophysical parameters find use in the calculation of U-value [1] , energy consumption of buildings for heating and conditioning [2] , thermal losses, energy audits as well as in the simulation of heat transport in buildings and their particular components [3] . On this account, a number of measuring methods for thermal properties determination was designed and applied in materials research.
Thermal properties in normal temperature range can be measured by a variety of devices utilizing different mathematical and physical principles [4] . The knowledge of temperature distribution in a studied sample is fundamental for most existing methods. An existence and shape of heat source belong to the most important parameters in that respect. Therefore, the methods for measurement of thermophysical parameters are often classified as either sourceless or source techniques.
In the case of sourceless methods, a specimen is put in contact with another substance or environment, which plays a role of an infinite heat reservoir. This kind of methods is, however, very rarely used in the investigations dealing with porous building materials. Techniques based on utilizing a heat source either inside a specimen or on its surface, in both transient and steady-state arrangements are preferred [5] .
The main advantage of the transient methods is shorter measurement time in a comparison with standard steadystate methods. However, their accuracy and reproducibility is often arguable [6] . Among the transient methods, the hot wire method [7] , hot ball method [8] , step-wise transient method [9] , pulse transient method [10] , hot plane or disk transient method [11] , and laser flash method [12] are frequently used at the investigation of thermal properties of solids.
The steady-state methods for determination of thermal conductivity are often considered as reference methods. A possibility to determine temperature fields and heat fluxes in an easy and precise way belongs to the main arguments for their application. On the other hand, the long measuring time induces problems with heat loss, which may cause significant systematic errors [5] . The measured specimens have usually plate, spherical or cylindrical shape. As for the practical experimental setups, the guarded hot plate arrangement [13] is the most frequently used.
Since the building materials are manufactured mainly on natural basis, their production has harmful effect on the living environment quality. Hence, the ways of the natural sources savings are searched. One of important ways, widely applied in civil engineering for long years, is to replace natural sources with secondary raw materials, i.e. wastes from other processes. Concrete industry is the greatest consumer of this kind of products. Secondary raw materials having pozzolanic or hydraulic properties, such as silica fume [14] , fly ashes [15] , or metallurgical slags [16] are commonly used as partial Portland cement replacement. The influence of coal BA (bottom ash), granulated blast furnace slag, and a combination of both materials which were used as fine aggregate replacement in concrete mix design was studied by Yüksel et al. [17] .
They concluded that durable concrete can be produced by using granulated blast furnace slag and BA as fine aggregate. Waste ceramic materials become also cheap alternative as supplementary binder in concrete [18] . The quarry dust, produced during the breaking of stone boulders in stone crushers for producing coarse aggregates, has been used successfully in concrete industry [19] .
Instead of above given waste products already reused in building industry, there are also waste materials, which are still not frequently used in practise, because their possible application brings number of potential problems from the point of view of their toxicity, chemical stability, durability etc.
The waste management becomes one of the most actual problems of present society, whereas the amount of disposed waste will be strictly limited in the near future. On that account, especially the combustion method of the waste treatment will become more popular and the increase of the amount of the incineration waste products can be expected. Hence, various methods of using the BA and FA (fly ash) coming from waste incineration plants need to be developed. Incineration byproducts, if reused, will offer many advantages, ensure sustainability, reduce pollution and environmental degradation, generate revenue, and preservation of natural resources, etc. [20] . Solid residuals from waste incineration process are subjected in the last decade to an intensive research focused on their possible application as new concrete mineral admixtures, whereas the residues from the municipal solid waste incineration (MSWI) are most often studied [21] . These materials can play role of active as well of non-active mineral admixture as stated for example in [22, 23] .
Since the results of the above given research are very promising from the point of view of the use of MSWI materials in materials production, we focused in the presented paper on experimental research of thermal properties of newly developed composites composed of mixed fly ash (MFA) coming from different parts of MSWI process, Portland cement, and silica sand. Thermal properties of studied materials are accessed by two transient methods having different experimental arrangement and time of measurement. Within the performed research, the data on thermophysical properties of investigated composites measured by applied methods are compared and the effectiveness of testing apparatuses is discussed. The presented work should contribute to the wider utilization of MSWI by products in building materials production with lower environmental impact.
STUDIED COMPOSITES
Incineration is an often adopted technology for the disposal of municipal solid waste (MSW). Within the incineration process, solid residues composed of BA, FA and scrubber residues are produced [24] . Since the cement solidification/stabilization is certainly one of the most popular techniques for FA treatment, application of FA in cement based composites production looks like a logical solution. In recent studies we already proved the pozzolanic behaviour of MSWI FA [25 -27] , and described the effect of FA incorporation on composites mechanical and basic physical parameters. In this paper, we focused on determination of thermophysical properties of cement mortar with partial Portland cement replacement by MFA coming from different sections of MSWI process.
Ordinary Portland cement (CEM-I 42.5 R) was used in the experimental study. MFA was applied at 10 %, 20 % and 30 % replacement levels by the mass of cement, while sand and water quantities were kept constant. For the sake of comparison, a reference mixture labeled MR with Portland cement as the only binder was studied as well. The composition of the researched mortar mixtures is given in Table 1 . Chemical composition of MFA was measured using XRF (X-Ray Fluorescence). MFA was composed mainly of SiO2 (15.6 mass %), Al2O3 (9.2 %), CaO (23.9 %), Na2O (9.35 %), K2O (6.6 %) and Cl -(11.2 %). MFA was characterised by its particle size distribution that was measured on laser diffraction principle using apparatus Analysette 22 MicroTec plus (FRITSCH). The laser analyser allows measurement of grain size up to 2 mm. The obtained data is given in Fig. 1 and Fig. 2 . Here, also the results for mixed binder are presented. One can see that the Portland cement was finer, compared to the applied MFA. The maximal amount of cement particles ranged between 5 and 100 m, whereas the maximal volume of MFA particles was observed in the interval 10 -500 m. The usage of MFA in the researched binder mixtures led to a certain coarsening of the blended binder. On the other hand, all the blended binders exhibited sufficient fineness for optimal hydration reaction.
EXPERIMENTAL
Studied mortars were characterised by their bulk density, matrix density, and total open porosity. For the measurement of basic physical properties, there was necessary to cast cubic samples with dimensions of 50 x 50 x 50 mm. For each material parameter, five samples were used. Bulk density was determined from the measurement of sample sizes (using digital length meter) and its dry mass. The matrix density was accessed by helium pycnometry using apparatus Pycnomatic ATC (Thermo Scientific). The accuracy of the gas volume measurement using this device is ± 0.01 % from the measured value, whereas the accuracy of used analytical balances is ± 0.0001 g. On the basis of bulk density and matrix density measurements, the total open porosity was calculated [28] . The relative expanded uncertainty of the applied testing method was expected 5 %.
Thermophysical properties of researched materials were accessed by two transient pulse methods using devices Thermophysical Tester RTB (Slovak Academy of Sciences) and Isomet 2114 (Applied Precision, Ltd.). All the performed experiments were done on samples dried at 105°C.
The principle of RTB apparatus is described in detail in [29] . A heat pulse inside the specimen generates a dynamic temperature field. From the parameters of the temperature response (usually the time tm and the magnitude Tm of the temperature response) to the heat pulse, the specific heat capacity, thermal diffusivity and thermal conductivity can be calculated. Technically, the specimen is cut into three pieces to insert the measuring probes between the cut surfaces. A plane heat source made of thin metallic foil is placed between the first and the second part of the specimen, while a thermocouple is placed between the second and the third part of the specimen (Fig. 3) . The heat pulse is generated by the passage of an electrical current through the metallic foil for a short time. The RTB instrument allows realization of an experiment that is composed of measuring sequences in which all required operations are performed to obtain thermophysical data at specific conditions. Specimen temperature is controlled through heat exchangerstemperature control blocks by thermostat. Atmosphere in the specimen surroundings is controlled by vacuum pump. The chamber for sample placing is constructed for temperature range from -40 °C up to 120 °C. Two heat exchangers are situated inside the chamber. The temperature of the heat exchangers is controlled by a liquid medium. Thus high temperature stability of the heat exchangers in connection with a thermostat can be achieved. A specimen setup is placed between the heat exchangers. An isothermal cover is used to suppress any temperature gradient along the specimen set. Vacuum cover gives a possibility to perform measurements in vacuum up to 0.1 Pa or in any atmosphere (air, vacuum, inert atmosphere). The measuring process is controlled by the electronic unit RTLab.
Thermal diffusivity a (m 2 /s) is calculated as The size of the sample placed in the centre was 150 x 150 x 30 mm, and the size of the other two samples was 150 x 150 x 50 mm. The measurement was performed at room temperature. Within the measurement, three measurement sequences were realised for each studied material, whereas the pulse time was 80 s and measurement of temperature response was done for 1 hour.
In Table 2 and Fig. 5 , there are presented criteria of ideal model and parameters of specimen setup given by RTB producers. Isomet 2114 is a hand-held measuring instrument for direct measurement of heat transfer properties of a wide range of isotropic materials including cellular insulating materials, plastics, glasses and minerals. It is equipped with two types of measurement probes: needle probes for soft materials, surface probes for hard materials. The device applies a dynamic measurement method, which enables to reduce the period of thermal conductivity measurements to approximately 10 -15 minutes [30] .
Fig. 4. Criterion of experimental setup
The measurement is based on an analysis of the temperature response of the analysed material to heat flow impulses. Heat flow is excited by electrical heating of resistor heater inserted into the probe which is in direct thermal contact with the tested specimen. Evaluation of thermal conductivity and volumetric heat capacity is based on periodically sampled temperature records as function of time, provided that heat propagation occurs in unlimited medium. The reproducibility of Isomet 2114 for thermal conductivity measurement is 3 % of reading + 0.001 W/mK and for volumetric heat capacity 3 % of reading + 1 x 10 3 J/m 3 K. The measurement accuracy given by the producer is presented in Table 3 . The operation temperature of Isomet 2114 is in the range from 0 to 40 °C. In the experiments, board shaped samples having dimensions of 150 x 150 x 50 mm were measured at laboratory conditions at temperature 23 ± 1 °C and relative humidity of 30 ± 5 %. Here, surface probes were applied.
RESULTS AND DISCUSSION
Basic physical properties of researched mortars are summarized in Table 4 . The application of MFA led to the partial decrease in the bulk density and matrix density, whereas this feature was observed for all studied materials with MFA. The total open porosity of materials MR and MFA10 was almost the same, whereas the difference was in the range of measuring error. Materials MFA20 and MFA30 exhibited increase in porosity compared to the reference mixture. The increase in porosity was  5 % in case of material MFA20, and  17 % for material MFA30. This finding is of particular importance for further analysis, since the total open porosity significantly affects all material properties related to the durability, mechanical resistivity, heat and moisture transport.
Thermophysical properties data accessed by both measuring methods is given in Table 5, Table 6, Table 7 . Here, the presented data represents mean value from 3 measurements. In case of the heat capacity, the original data obtained using Isomet device was divided by the measured values of bulk density in order to calculate the specific heat capacity values. Looking at the measured thermophysical properties, one can see slight differences between data accessed by RTB device and Isomet 2114. However, the differences are relatively low, typically lower than the measurement accuracy of used devices presented in Table 2 . On this account we can conclude that both applied devices can find use in the field of building materials. Looking at to date published papers dealing with application of MSWI waste products in design and production of cement based composites, only durability, mechanical, and microstructure properties are available (see e.g. [31, 32] ) and comparison with the other papers are not available. From the quantitative point of view, the heat transport parameters decrease with the increasing amount of used MFA in mortars composition, and corresponds with the data of total open porosity presented in Table 4 . Typically, as high decrease in the porosity, as high decrease in the thermal conductivity and diffusivity was identified. This feature is quite common for most porous building materials with high volume of open pores. The realised experiments proved the applicability of both devices for the determination of thermal parameters of porous building materials; they were found to provide sufficient resolution and accuracy. The difference between data obtained by both devices were typically lower than 10%, what can be considered as acceptable, in particular taking into account the inhomogeneity of tested materials.
CONCLUSIONS

